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ABSTRACT 
 
 The effect of NaF on the growth of CuInSe2 (CIS) epitaxial thin films by a hybrid 
sputtering and evaporation method was studied.  Low levels of NaF deposition during 
interruptions of epitaxial growth reduced surface roughness.  Larger amounts of NaF 
resulted in columnar epitaxial films with <112> surface facets on the sides of the 
columns. X-ray diffraction shows all films to be largely epitaxial, with small amounts of 
(301)-surface-oriented CIS grains present in films with the highest NaF addition. In the 
columnar films, a buildup of Na was seen near the substrate/film interface, suggesting 
that Na is buried during columnar growth.  I conclude that the Na plays an integral role 
in the creation of columns in the films based on the dose of Na added during growth. A 
mechanism for the transition to growth of columns with critical concentrations of NaF is 
proposed.   
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CHAPTER 1 
INTRODUCTION  
Photovoltaic solar power generation is a rapidly growing industry and is additionally an 
important source of electricity. Worldwide photovoltaic supply in 2014 was 177 
gigawatts, or around 1% of total energy production [1].  In the United States, there was 
18 gigawatts of photovoltaic installed base in 2014, also around 1% of total energy 
production. Although this is a small fraction of the total energy production in the United 
States, there is still room for growth. The instability of fossil fuel prices combined with 
the near cost parity of solar cells makes solar power an increasingly attractive power 
source. 
 
Modern civilization needs renewable energy. Most energy today is produced by burning 
fossil fuels. While there is a growing demand for energy, there is an ever dwindling 
supply of fossil fuels. Additionally and most importantly, burning fossil fuels releases 
greenhouse gasses into the atmosphere. Hydroelectric power significantly alters the 
landscape and is known to harm fish and other waterborne fauna and flora. Nuclear 
power has spent fuel and radioactive plants to decommission at the end of life cycle, a 
process that takes decades and produces tons of radioactive waste. Without serious 
adoption of renewable energy sources, we risk permanently warming the planet, which 
could be an ecological disaster. In order to combat that, a serious re-evaluation of 
energy supply strategies focused on sustainability is necessary. The most abundant 
renewable energy recourse on earth is solar energy and converting this energy to 
electricity using photovoltaic cells could be a crucial part of sustainable energy 
production in the future. Solar panels produce no toxic or greenhouse gases, contain no 
moving parts, produce no noise and have minimal material requirements when 
compared to conventional power sources [2].  When compared to burning coal, for 
example, every GWh of electricity generated by photovoltaics would curb the emission 
of approximately 10 tons of SO2, 4 tons of NO2, 0.7 tons of particulates and up to 1000 
tons of CO2 [2].  Photovoltaic systems can be installed wherever the solar irradiation is 
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high enough, in grid connected or off grid environments, and the energy production is 
decentralized and thus less susceptible to catastrophic single point failures. 
A solar cell is a device that directly converts solar energy to electricity. Becquerel 
created the world's first photovoltaic cell. In his cell, silver chloride was placed in an 
acidic solution and illuminated while connected to platinum electrodes, generating 
voltage and current. First modern solar cell created by bell labs in 1950s, it was single 
crystal silicon cell with a diffused p-n junction. It was developed for use in space [3].  
They were first used in ground based applications in the 1970s due to reducing costs. 
The first applications were devices that were removed from grid power such as 
navigational buoys [4].  As prices have declined, solar power is approaching price parity 
with fossil fuel based power. Silicon based solar cells have been the predominant type of 
cell in the photovoltaic market. Currently, around 80% of the solar cell sales are either 
polycrystalline or single-crystalline silicon. 
 
There are two types of solar cells: monolithic and thin film. The most common type of 
solar cell is the monolithic type. In monolithic solar cells, the substrate is made of the 
active solar cell material and the PN junction is contained within the substrate.  The vast 
majority of solar cells of this type are made of silicon, either in polycrystalline or single-
crystalline forms. Single crystal silicon record cells have reached 26% efficiency  [5], with 
production cells reaching up to 20.4% efficiency [6].  Single-crystalline silicon solar cells 
have the highest efficiency of mass market solar cell devices. 
 
Initially the Si for solar cells came from defective wafers and boules. Since the 
requirements for the substrate are much less stringent than in microelectronics, the 
solar industry can use reject boules and wafers. Crystalline Si is reliable, efficient and 
environmentally friendly but absorbs sunlight poorly. Crystalline Si requires 250 microns 
of thickness in order to absorb an acceptable amount of light to be a reasonably high 
performance cell. Crystalline Si cells with light trapping geometries require 80 or less 
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microns, but are too thin to cut using conventional cell fabrication technologies .This 
adds to cost [3]. 
 
Thin film solar cells were developed in the 70s to improve the power to weight ratio of 
solar panels for space applications. Today the promise of thin film solar cells is mainly 
the potential of lowered manufacturing costs and reduced material utilization when 
compared with crystalline silicon. The earliest thin film cells were made of Cu2S/CdS 
heterojunctions, but they suffered from poor stability because of the high diffusivity of 
Cu at operating temperatures. Currently the thin film market is dominated by CIGS, 
CdTe and amorphous Si based solar cells. 
 
Thin film solar cells are an interesting type of photovoltaic due to the promise of lower 
costs when compared to monolithic solar cells. In a thin film solar cell, the active 
material is deposited on an arbitrary substrate. Because of this, a couple of micron of 
solar cell material can be used compared to hundreds of microns for a silicon solar cell. 
This allows less material to be used and will lower the cost of the cell.  
 
Copper indium gallium diselinide (CuIn1-xGaxSe2 or CIGS) is one of the most promising 
thin film solar cell materials. CuIn1-xGaxSe2 is p type, and is typically grown with a gallium 
fraction of 0.3, leading to a band gap of 1.2 eV. CuIn1-xGaxSe2 is typically paired with a 
cadmium sulfide (CdS) heterojunction to make a solar cell. In practical applications, 
these are made in a polycrystalline form. They have been shown to yield a champion 
solar cell with an efficiency of 22.3% [5], and production modules in excess of 13% 
efficiency [7] with no degradation of performance with time [8]. These cells are usually 
grown on soda-lime glass (SLG) with a Mo back contact [9], although other device 
structures have been considered including aluminum and polymer substrates [10]. 
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The addition of Na is seen to improve solar cell performance [10].  This is seen to 
increase the open circuit and fill factor voltage of devices. This Na is provided to the cell 
by the diffusion of Na2O from the soda-lime glass through the Mo back contact. Devices 
grown on other substrates typically were grown on a Mo back contact coated with 
evaporated NaF or Na2Se and the Na diffuses into the film during growth [11]. 
 
Cell performance is seen to be more homogenous over a large range of Cu 
concentrations when CIGS is grown with Na [12]. However, after exceeding a certain 
percentage of Na, the performance of the device begins to degrade or adhesion 
problems are encountered. In polycrystalline films, excessive doses of Na lead to small 
grain sizes and porous films—both of which are detrimental to cell operation [13][14].  
The effect of sodium on CIS microstructures have been reported, but results are 
contradictory. Wolf et. al. discovered increased grain size with smoother surfaces when 
incorporating Na [15], whereas  Granata et. al. discovered no dependence of grain size 
on Na [16]. There is clearly some ambiguity in the effects of Na on CIGS growth. 
 
It appears that Na is not well tolerated in the bulk of CIGS crystals. A study of Na doped 
CIGS polycrystalline films by field-emission Auger electron spectroscopy found Na and O 
in the grain boundaries of the films but not in the grain. Because of the finite detection 
limits of the experiment, it can be concluded that at least 94% of all Na in the films 
studied were located at the grain boundaries [17].  It has been reported that there is a 
correlation of Na concentration with grain boundary density in CIGS films, further 
suggesting that Na is located at grain boundaries [18][19] Furthermore, the introduction 
of Na into bulk stoichiometric CIS single crystals leads to the dissolution of the crystal 
[20][21]. In CIS films that are Cu poor, the diffusion of Na into films was reported [22]. It 
appears from the literature that Na can reside at the grain boundaries or structural or 
point defects. 
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The predominant electronic effect of Na doping into CIGS films is a reduction of 
resistivity by one half to two orders of magnitude [23][24]. The carrier concentration in 
these films was typically seen to rise by an order of magnitude and also coupled with a 
reduction in compensating donors [25].  
 
Epitaxial CIGS single crystals have been grown on GaAs [26] or other substrates [27] to 
study the fundamental properties of the material. It is of note that in CIGS/CdS 
heterojunction solar cells, polycrystalline cells vastly outperform epitaxial ones. The 
reason for this is unclear. Some authors have suggested that the surface facets on 
epitaxial films are undesirable for solar cell operation [28]. Still, the reason for this 
discrepancy in performance between epitaxial and polycrystalline CIGS devices and 
methods to improve the performance of epitaxial devices are unclear. 
 
The crystal structure of CIS is chalcopyrite. The chalcopyrite unit cell is tetragonal and is 
equivalent to two stacked zincblende unit cells where the Cu and In atoms are regularly 
ordered (see figure 1).  The Se atoms are tetrahedrally bonded to two Cu and 2 In atoms 
each, and every Cu and In atom has four Se atoms as nearest neighbors.  The 
chalcopyrite structure can be seen as two interpenetrating anion and cation sublattices 
with face centered cubic structure. CIS is based on a close packed Se lattice. The close 
packed direction for the Se lattice is the (112) direction. CIS demonstrates threefold 
stacking perdiocity of Se atoms (ABCABCABC…), resulting in a FCC cubic structure. 
 
One promising method used in other materials systems for improving the efficiency of 
epitaxial solar cells is the creation of “one dimensional” (i.e. columnar) core-shell 
nanostructures to aid carrier extraction by reducing carrier collection distances. This has 
been done in ZnO/ZnSe [29], Si [30], and CdS [31] photovoltaics, among others. This 
work seeks to create nanowire CIGS structures compatible with core shell solar 
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applications via a bottom up, monolithic fabrication technique, with the ultimate goal of 
improving the efficiency of CIGS devices. 
 
1.1 Scope of the research 
This study is limited to the study of CIGS structures. No heterostructures or solar cells 
were produced. This study is strictly experimental; no modeling was performed. CuInSe2 
(CIS) was used as a model system to stand in for CIGS due to relative ease of production. 
The structural effects of the addition of Na to epitaxial CIS films were examined. Both 
(100) and (110) GaAs substrates were used to see the effects of crystal orientation on 
film growth.  
1.2 Overview 
This thesis will be split up into several chapters containing information that contributes 
to different parts of the study.  Chapter 2 discusses the experimental methods used in 
the study. Chapter 3 discusses the results of the experiments that were run. Chapter 4 is 
the conclusion, which will sum up the results and discuss their significance. 
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1.3 Figures 
 
Figure 1: Unit cells of CuInSe2 and ZnSe. Partial substitution of Ga for In in the CuInSe2 unit cell leads to the structure of CuIn1-xGaxSe2. 
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CHAPTER 2 
 EXPERIMENTAL METHODS  
CuInSe2 (CIS) films were deposited at 720C using a hybrid sputtering and evaporation 
method.  In and Cu fluxes were provided by magnetron sputtering of elemental metallic 
targets.  A Se effusion cell and a NaF effusion cell supplied these two materials by 
evaporation.  The NaF deposition rate was estimated to be 6.0 nm/min by the 
Langmuire-Knudsen relation. This is given by: 
݀ℎ
݀ݐ =
1
ߩ ܥ௠ ൬
ܯ
ܶ൰
ଵଶ ܿ݋ݏߠܿ݋ݏ߶ሺ ௘ܲ − ܲሻ 
 Zn-doped (100) and (110)-oriented GaAs dice cut from polished wafers were used as 
substrates for this study.  Film thicknesses were ~2 microns and typical growth rates 
were around 0.4 nm/sec.  Approximately 750 nm of epitaxial CIS was deposited on the 
GaAs to establish epitaxy and provide a good substrate for subsequent deposition of Na-
doped CIS.  Growth was halted after ~30 min and NaF was deposited onto the film using 
the effusion cell.  Growth was then resumed and the remainder of the film was 
deposited.  The typical time for the growth halt for NaF deposition was 1 min and the 
remaining film deposition took 60 min.   
The crystal structure of the resulting epitaxial layers was studied by x-ray diffraction 
(XRD) using a Panalytical X’pert with a 2 bounce (220) Ge monochromator. The XRD 
source used was Cu, with a 45kV accelerating voltage operating at 40mA. The surface 
morphology and composition were examined using a Hitachi S4700 scanning electron 
microscope (SEM). The films in this study had a ratio of 0.9<= [Cu]/([In]+[Ga])<=0.95 and 
[Ga]/([In]+[Ga])<(0.05).  Ga was incorporated into the films unintentionally by diffusion 
from the GaAs substrate.  The substrate As apparently passed through the film and 
escaped into the vacuum. The compositions are within the range of interest for 
polycrystalline CIS films used in the best devices. Depth profiles were measured using 
secondary ion mass spectroscopy (SIMS) in a Cameca IMS-5f instrument. A 20 nA, 10kV 
Cs+ ion beam was used for all analysis.  Positive secondary ions were detected. The 
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relative concentrations of Na detected by SIMS were scaled by a factor required to make 
the In counts measured in the films the same. 
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CHAPTER 3 
 RESULTS  
3.1 (100) films 
3.1.1 SEM Analysis 
Figures 2 through 9 show both cross section and plan view SEM images of CIS films 
grown with varying amounts of NaF doping. Figures 2 shows the film with no NaF 
doping. The film is striated yet smooth. Figure 3 shows the film with 10 s of NaF doping. 
The film is notably smoother than the film with no doping. Figure 4 shows the film with 
20 s of doping. Again, this film is significantly smoother in appearance than the film with 
no NaF. This smoothness can be attributed to the wetting properties of Na on the film 
[32].   
 
The morphology of the film changes dramatically after a critical doping level. At 30 
seconds of NaF doping, crystalline faceting appears on the surface in plan view (figure 
6). Voids are seen in cross section, appearing to have <112> faceting (figure 7). After 60 
seconds of NaF doping, a similar crystalline faceting is seen in the plan view of the film 
(Figure 8). In cross section (figure 9) pillars appear which grow vertically up through the 
film. The pillars start with a thickness of around 100-200 nm and grow to around 500 nm 
in thickness after 1.5 μm of growth. The faceting of the pillars is also <112> as in the 
case with 30 seconds of NaF doping. 
3.1.2 X-Ray Diffraction 
To establish the epitaxial relationship of these films, 2θ-ω X-ray diffraction was 
performed on all samples. This data can be seen in figure in figure 10. All the films with 
planar geometries are seen to be epitaxial, phase pure. With the development of 
columnar growth, a small fraction of (301) oriented CIS is found. Relative reflected X-ray 
intensity calculations suggest that around 0.3% of the 60s NaF doped sample is (301) 
oriented, with the remaining 99.7% being (001) oriented. Thus, the film is highly 
textured. 
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3.1.3 SIMS Analysis 
SIMS was performed to examine the Na doping profile in the films studied. Na counts 
were calibrated by the In counts found in each film. Predictably, Na concentration was 
highest in the film with 60s of NaF and lowest in the film with 10s of NaF doping. This 
can be seen in figure 11. In the films with 30s and 60s of NaF, the films with columnar 
microstructures, a buildup of Na is seen on the CIS side of the start of the GaAs 
substrate. A SIMS profile of Na and As, which shows the start of the GaAs substrate, for 
a film with 60s of NaF doping is shown in figure 12. This suggests that the buildup of Na 
plays a role in the development of the columnar microstructures seen in the films. 
3.1.4 Proposed Mechanism 
I propose a theory for the columnar microstructures seen with greater doping levels of 
NaF. After a critical level of NaF is deposited, it forms a film through which incoming Cu, 
In and Se atoms must diffuse to absorb to the substrate. Seed nuclei of deposited CIS 
become preferential growth locations upon the substrate. The NaF film stays upon these 
growing columns, serving to help transport the adatoms to their locations on 112 
planes, the low energy surface plane. Because of this preferential growth on 112 planes, 
the columns grow as an ‘inverted triangle’. 
 
3.2 (110) Films 
3.2.1 SEM analysis 
The films grown on (110) GaAs substrates were much more sensitive to NaF doping than 
those grown on (100) substrates, and never exhibited columnar microstructures. First, 
the morphology of the films was examined using SEM. The plan view SEM shows 
crystallographically aligned ‘saw-tooth’ formations. This can be seen in figure 13. The 
cross section shows a flat, smooth cross section with some fractures. The film with 10s 
of NaF doping, shown in figure 15, has an aligned ‘saw-tooth’ pattern in plan view much 
like the 0s NaF doped film. However, the magnitude of the features is much less 
pronounced and the film is significantly smoother. As with the (100) films, this could be 
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attributed to the wetting effects of Na. In cross section, holes are seen in the top 200nm 
of the film with 10s of NaF doping. Porosity in heavily Na doped polycrystalline films has 
been reported films [14][15], so this is not a surprising result.  
 
After 20s of NaF is introduced to the film, the crystal seems to begin to break down. 
Cracks, ridges and holes are apparent in the cross section view of the film with 20s NaF 
doping, figure 17. Grains are visible on the surface of the film, although not all of them 
are aligned as in the 10s and 20s of NaF doping films. When 30s of NaF is added the film 
turns fully polycrystalline. In plan view, the grains visible on the surface are fully 
randomly oriented. Individual grains and grain boundaries are clearly visible in cross 
section view.  
3.2.2 X-Ray Diffraction 
To examine the crystallinity of the films produced, X-Ray diffraction was performed. The 
film with 0s of NaF doping is very clearly epitaxial and phase pure, with strong 
(220)/(204) peaks present. The film with 10s of NaF doping appears to be epitaxial, 
phase pure. However, it has very weak (110)/(102) and (220)/(204) peaks. This can be 
seen in figure 21. Both the 20s and 30s NaF doped films are polycrystalline, with (112), 
(312), (332) and (424) orientations being present. This can be seen in figure 22. 
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3.3 Figures 
 
Figure 2: (100) Oriented, no NaF doping, plan view 
 
Figure 3: (100) oriented, 10s NaF doping, plan view 
14  
 
Figure 4: (100) oriented, 20s NaF doping, plan view 
 
Figure 5: (100) oriented, 20s NaF doping, cross section view 
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Figure 6: (100) oriented, 30s NaF doping, plan view 
 
Figure 7: (100) oriented, 30s NaF doping, cross section view 
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Figure 8: (100) oriented, 60s NaF doping, plan view 
 
Figure 9: (100) oriented, 60s NaF doping, cross section view 
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Figure 10: X-ray diffraction spectrum from (100) oriented films with various NaF doping 
amounts 
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Figure 11: Na counts vs. NaF deposition time for (100) oriented films. 
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Figure 12: Na vs. As counts for film with 60s of NaF deposition. 
 
Figure 13: (110) oriented, no NaF doping, plan view 
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Figure 14: (110) oriented, no NaF doping, cross section 
 
Figure 15: (110) oriented, 10s NaF doping, plan view 
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Figure 16: (110) oriented, 10s NaF doping, cross section 
 
Figure 17: (110) oriented, 20s NaF doping, plan view 
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Figure 18: (110) oriented, 20s NaF doping, cross section 
 
Figure 19: (110) oriented, 30s NaF doping, plan view 
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Figure 20: (110) oriented, 30s NaF, cross section 
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Figure 21:XRD patterns for (110) oriented films with 0s and 10s of NaF doping 
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Figure 22: XRD patterns for (110) oriented films with 20s and 30s of NaF doping 
 
 
 
 
 
 
 
 
 
 
 
 
25  
CHAPTER 4 
CONCLUSION   The results presented here show that a self-assembled columnar microstructure can be 
produced in (001) oriented CIS films by doping the films with sufficient levels of NaF by 
thermal evaporation.  The growths of these columns seems to be facilitated by site 
blockage by the deposited NaF film on the seed layer it is deposited upon, leading to 
preferential growth of the absorbed CIS islands and eventual columnar growth. This 
island growth leads the growth of nanocolumns, with growth happening preferentially 
on (112) facets. SIMS analysis shows that these films are Na doped, and also shows a Na 
buildup at the film/substrate interface of films with nanocolums. X-ray analysis as well 
as SEM analysis shows that these films with columns are epitaxial, with a small amount 
of the film grown as (301) oriented.  
 
Films grown on (110) substrates did not tolerate NaF doping as readily as films grown on 
(001) oriented substrates. Films remained epitaxial with only light doping levels, 
progressing to porous crystals and then finally becoming polycrystalline with increasing 
doses of NaF as shown by X-ray analysis and SEM analysis.  
 
The (100) oriented films show geometries compatible with core-shell nanorod solar 
devices when heavily doped with NaF. This makes them attractive candidates for solar 
devices when paired with a CdS heterostructure.  
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